Abstract: Rickettsia prowazekii, a selective agent of category B, is the causative microorganism of epidemic typhus. The genome-wide profile of host response to R. prowazekii infection was studied in THP-1 cells by a human cDNA microarray. Approximately 131 (1.71%) and 11 (0.14%) genes out of 7,680 genes assessed were up-regulated or down-regulated upon infection with virulent R. prowazekii strain Breinl. These genes induced by R. prowazekii were diverse in function. Six genes [ENG (endoglin or CD105, cell surface glycoprotein), GADD45A, TNFAIP3, IGFBP3, POU3F4 (transcription), ELK3] were identified as commonly induced genes as their over expressions were observed throughout the entire time course studied. There were twenty-two genes [such as GADD45A, POU3F4, ENG, PPP1R14B (an enzyme), ELK3, CXCL1, IL1B, NFKB1A, etc.] that exhibited the high level of induction at more than one time point. Collectively, these discoveries may provide novel insights into mechanisms of rickettsial pathogenesis and might reveal potential therapeutic targets against rickettsial infection.
INTRODUCTION
Rickettsiae are obligate intracellular Gram-negative bacteria. Rickettsial infections can cause acute fever, headache, skin rash, eschars, and in severe cases failure of the cardiovascular system. R. prowazekii, the causative agent of epidemic typhus, caused millions of deaths in both World Wars [1] and has reemerged worldwide recently [2] . It has been listed as select agent by the Centers for Disease Control and Prevention in the United States.
The host-rickettsia interaction is likely to involve a complex interplay between host defense and bacterial evasion as seen in other bacterial infections [3] . Based on the genome sequence of R. prowazekii Madrid E [4] , the comparative genome-wide analysis of R. prowazekii virulent and avirulent strains (Breinl vs. Madrid E) revealed potential virulence genes that may provide useful information on the pathogenesis of Rickettsia [5] . Adherence to the membrane of target cell is a first key step in the establishment of a rickettsial infection. The increased expressions of the receptors E-selectin, intercellular adhesion molecules 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1) have been reported in human endothelial cells post rickettsial infection *Address correspondence to this author at the Bldg. 503, Rm 3N66, VRDD, IDD, NMRC, Silver Spring, MD20910, USA; Tel: 301-319-7439; Fax: 301-319-3015; E-mail: geh@nmrc.navy.mil.com [6] . It is believed that after adherence, rickettsiae enter into host cells and then rapidly escape from phagocytic vacuoles before phagolysosomal fusion [7] . Within the cytoplasm, rickettsiae induce rearrangement of host actin filaments in order to facilitate their intracellular spread and host cell locomotion [8] . A recent study of R. conorii has shown that the parasite surface protein, RickA, can recruit and activate Arp2/3, which then induces actin polymerization of host cells [8] . However, there is not much known about the sequence of events and molecules involved in rickettsial infection. The expression profile of host response to R. prowazekii infection has not been well investigated. With the availabilities of the human genome sequence and cDNA microarray technology, study of expression patterns on a global level has now become possible.
The aim of this study was to explore the host response to R. prowazekii infection by determining the global transcriptional response of a human monocytic cell line (THP-1 cells) upon infection. Human THP-1 cells in culture were harvested at various times post infection with R. prowazekii. The transcriptional expressions of THP-1 cells were analyzed on microchips containing 7,680 human cDNAs. From data mining and confirmation by quantitative RT-PCR, a characteristic pattern of responsive genes was identified. These results may yield insights into the mechanism of the human defense response to R. prowazekii infection.
MATERIALS AND METHODOLOGY
Host Cell Culture and Exposure to R. prowazekii Virulent Strain Breinl THP-1 cells originally derived from an acute monocytic leukemia patient were purchased from ATCC. The cells were cultured in RPMI 1640 with 10% FBS for several days until the cell density reached 1-2x10 7 cells in 162 cm 2 flask at 37 o C, 5% CO 2 . R. prowazekii Breinl were inoculated into THP-1 cells with multiplicities of infection around 25:1. The cultures were rocked at room temperature for one hour after which medium was removed and fresh medium was added, then the culture was returned to 37 o C, 5% CO 2 .
Total RNA Isolation
The cultures were harvested at 1, 4, 8, 18, and 24 hours (T1, T4, T8, T24) post-infection. Total RNA was extracted immediately using TRIzol (Invitrogen, Carlsbad, CA) following the protocol provided by the manufacturer. RNA was further purified using the RNeasy Mini Kit according to the manufacturer's instructions (Qiagen, Valencia, CA) with an additional step of on-column DNase Digestion using RNasefree DNase (Qiagen, Valencia, CA) to completely remove DNA. The yield, integrity, and purity of total RNA were determined by agarose gel electrophoresis and the ratio of O.D. 260/280.
Probe Labeling, Microarray Hybridization, and Image Analysis
The microarray slides used for this study contained 7,680 human cDNA clones (National Cancer Institute ROSP 8K Human Array) purchased from Research Genetics (Huntsville, AL). The cDNAs were spotted onto poly-Llysine-coated slides by a computerized OMNI Grid Arrayer (GeneMachines, San Carlos, CA). THP-1 cells at T1-T24 post-infection and un-infected cells at corresponding time points were collected. Equal amount of RNAs (20-40 μg) from infected and uninfected cells were reverse transcribed and labeled with fluorescent Cy3 or Cy5 analogs of dCTP, respectively (Amersham, Piscataway, NJ). The labeled cDNAs were purified, concentrated, and hybridized onto microarray slides.
The microarrays were scanned at a 10-m resolution on a GenePix 4000A scanner (Axon Instruments, Inc., Foster City) to obtain maximal signal intensities with < 1 % probe saturation. The Cy5-and the Cy3-labeled cDNA samples were scanned at 635 nm and 532 nm, respectively. The resulting TIFF images were analyzed by Gene Pix Pro 4.0 software (Axon Instruments, Inc., Foster City). Microarray data were stored in the NIH microarray database. The ratios of intensities of the infected to control samples for all targets were determined after background subtraction. Raw intensity profiles were analyzed using the mAdb tools (National Center for Biotechnology Information, NIH). The data were further analyzed by using TreeView and Cluster [9] . Ingenuity Pathway Analysis (IPA) [10] [11] was applied to the data as an additional method to further evaluate the functional significance of genes. IPA uses a curated database to construct different regulatory networks of imported genes. Each gene identified by IPA was mapped to its corresponding gene object in the Ingenuity Pathway Knowledge Base. This program uses its knowledge base to identify interactions between focus genes and other related genes in order to create networks. IPA produces a statistical score for each network according to the fit of the network to the set of focus genes. The score is the negative log of p and indicates the likelihood of the focus genes in the network due to random chance. A core of 3 means that there is a 1/1000 chance that the focus genes are in a network due to random chance. Therefore, the scores of 3 or higher have a 99.9% confidence of not being generated by random chance alone. This score was used as a cut-off point for identifying gene networks that are significantly regulated by R. prowazekii infection.
Reverse Transcription and Real Time RT-PCR
RT was carried out using MessageSensor TM RT Kit (Ambion), which was specifically designed for elevated sensitivity in real time PCR. Real time PCR primer pairs and probes for selected genes were designed using TaqMan Design 2.0 software (ABI, Weiterstadt, Germany) and are shown in Table 1. The sequences of exon and intron of those genes were searched and either primer or probe covered exon/exon junction to avoid the amplification of genomic DNA. The procedures for real time PCR were performed as described previously [5] . The probes were labeled with 6-carboxyfluorescein (FAM) and the new generation quencher (BHQ-1) at the 5' and 3' ends, respectively, by Biosearch Technologies (Novato, CA). PCR cycling was conducted using a SmartCycler (Cepheid, Sunnyvale, CA) in a total volume of 25 μl containing 1x TaqMan Universal PCR Master Mix (Applied Biosystems), 0.2 μM of each primer, 0.1 μM probe, and 1 μl of diluted cDNA template. The probe and primers for 18 S rRNA gene purchased from Biosource International were included as an endogenous reference. The comparative C T (threshold cycles) method was applied using arithmetic formulas (2 -C T ) (ABI system, AB, Piscataway, NJ). PCR reactions with no-cDNA templates were included as negative controls. Real time RT-PCR assays were performed in triplicate for each sample at every time point, and a mean value and standard deviation were calculated for the relative RNA expression levels.
RESULTS

Hierarchical Clustering of Signature Genes and their Functional Categories
To characterize the host gene response to R. prowazekii, a human cDNA microarray containing 7,680 genes was used. THP-1 cells infected with R. prowazekii were harvested at T1-T24. Total RNA was extracted for cDNA synthesis. To exclude the possibility of cross hybridization of bacteria cDNA to human microarray slides, poly dT was used as primer for Cy3 or Cy5 incorporation reaction instead of random primers in all the labeling procedures since rickettsial mRNA lacks poly A at 3' end. The differences in signal intensities of co-hybridization experiments were compared for each spot between infected and uninfected control cells. To explore the signature gene expression profiles over an infection period, we set the criteria that the change in expression level must be 1.5 or 0.667 fold at more than one time point. These criteria identified 131 up-regulated and 11 down-regulated genes that account for about 2% of the total 7,680 genes assessed. The differentially expressed genes were clustered hierarchically (Fig. 1) . The pattern revealed remarkable changes in gene expression, including both upand down-regulation. Some genes were induced rapidly at T1 while others were induced at later times, most of the gene expressions returned to baseline level by T24. These results were presented in dendrograms in which the lengths of the branches are proportional to differences in gene expression of host at different time points.
These genes with a variety of biological functions represent a shared transcriptional response over the time course after infection. Their functions and biological processes involved were classified in Table 2 . A total of 8.5% (12/142) of the induced genes functionally belong to cytokines (IL1B, IL1RL1, G1P3, and PBEF1) or chemokines (IL8, MIP1B, CXCL1, 3, 13, and CCL2, 3, 20), which are important for cell growth and inflammatory responses. Notably, several other subsets of genes were identified with functions related to adhesion, cytoskeleton/motility, and calcium ion binding. The responsive genes which function in apoptosis or antiapoptosis that were up-regulated included PRKR, PTEN, GADD45A, TNFAIP3, TNFAIP8, and SNCA. There were a large number of induced genes that were categorized as receptors or enzymes or have roles in signaling, transcription, and proliferation. We defined these 142 genes as the human monocyte signature genes that may reflect major signaling pathways or cascades stimulated upon the infection of R. prowazekii.
Defining Common Outliers and Most Abundantly Up Regulated Transcripts
Cluster analysis of expression profiles at these five time points indicated that those at T4 and T8, and T18 and T24 were more similar to each other by grouping in the same clusters, while that of T1 was the most dissimilar time point as illustrated by the dentrogram in Fig. (2A) . Using the cutoff of 1.5-fold, we found six genes (ENG, GADD45A, TNFAIP3, IGFBP3, POU3F4, and ELK3) were affected over the entire infection time course. Therefore they were designated as common outliers. Their expression patterns are shown in Fig. (2B) . These genes were up-regulated at T1 and T4. The fold of increase declined at T8, and then up again at T18. All of them returned to 1.5-2.5 fold induction at T24.
We also searched for highly induced genes among signature genes that together with common outliers might serve as biomarkers for R. prowazekii infection. We set a criterion for this selection: the induction of expression should be 2.0-fold or greater at more than one time point, or 3.0-fold or greater at a single time point. Twenty-two genes met this criterion ( Table 3 ). Among them, six genes are cytokines or chemokines (IL1B, MIP1B, CXCL1, CXCL3, CCL2, and CCL20); three are transcription factors (NFKB1A, ELK3, POU3F4); and the others as receptors, or genes involved in signaling, cell cycle, anti-apoptosis, and adhesion, etc.
IPA Pathway Analysis of Genes Affected at the Transcriptional Level After R. prowazekii Infection
To further investigate the biological pathways and interactive networks of these genes affected by rickettsial infection, IPA was used. IPA distributes selected genes into networks defined by known interactions from scientific publications and then associates these networks with biological Table 4 . Results showed that there are statistically significant interactions among these gene products that were modulated by R. prowazekii. These networks involve cellular movement, cell-to -cell signaling and interaction, lipid metabolism, cellular growth and proliferation, cell death, immune response, etc. Fig. (3) showed the top first network identified by IPA. Among this network, CCL2, IL1B, IL8, and NFKB1A seemed to be located at the center points to connect multiple points, suggesting their crucial roles in response to R. prowazekii.
Confirmation of Responsive Genes by Real Time PCR
From the lists of the most highly induced genes and the common outliers, the expressions of six genes were selected for further analysis by Taqman quantitative real-time reverse transcriptive PCR (RT-qPCR). The same preparation of RNA used in microarray experiment was used for qPCR with primers and probes specific for GADD45A, PPP1R14B, ENG, NFKB1A, IL1B, CXCL1, and TNFAIP3. All these genes showed an induction in different magnitude over the time course (Table 5) . Generally speaking, the data from microarray screening and qPCR were in good agreement. The identification and confirmation of a core set of genes which were induced early in the rickettsial pathogenesis might be of value in the development of new strategies for early diagnosis.
DISCUSSION
The approach of global gene expression profiling on cDNA microarrays was employed and revealed a large number of genes differentially regulated. The results also suggested that the host response to rickettsial infection is a complicated process involving both induction and repression of groups of genes, with up-regulated genes the overwhelming majority. The genes induced by the infection were diverse in their functions as well. Overall, the alterations in the expression of these genes occurred in a time-dependent manner. Observing networks of differentially expressed genes during infection suggested that the co-expressed genes might also be co-regulated. The expression pattern in this study was compared with the features of eight other bacteria infections including Gram-negative, Gram-positive bacteria and mycobacteria [12] . This comparison revealed that about a quarter of 142 regulated genes caused by R. prowazekii infection were also reported in these infections. Majority of the genes identified in this study are not differentially expressed during other bacterial infections. It is reasonable to hypothesize that clusters of up-or down-regulated genes would constitute a signature pattern of expression, which might be specific for rickettsial infection ( Table 2) .
To establish the list of genes that responded most substantially to the pathogen R. prowazekii, a total of 22 host genes were identified ( Table 3) . Among them, the inductions of eight genes were detected at three or four time points (GADD45A, POU3F4, ENG, PPP1R14B, ELK3, CXCL1, Fig. (3) . A representative of networks of genes regulated after R. prowazekii infection. Twenty-five genes that were up-regulated (Red, the darker the higher induction) and one gene that was down-regulated (Green) in THP-1 cells were analyzed by Ingenuity Pathway Analysis (IPA) software. Other genes are those associated with the regulated genes. IL1B, and NFKB1A) and others were seen at two time points. Six out of 22 genes belong to the category of cytokine or chemokine families, which are commonly seen in other infectious diseases. However, other genes are not commonly up-regulated due to microorganism infections and thus were not previously suspected of being transcriptionally regulated by rickettsial infection. Previous studies on these genes such as POU3F4 [13] , PPP1R14B, TM4SF3 [14] , OLIG2 [15] , RAE1 [16] , LY64 [17] , and TDO2 [18] are very limited. For example, ENG, which plays a role in adhesion and receptor binding, was up-regulated in this study but was down-regulated in other infectious events including Gram positive and Gram negative bacteria [9] . POU3F4 (Brain-4) is a transcription factor mainly expressed in pancreatic cells [10] but its role in disease is unknown. In addition, six common outliers (ENG, GADD45A, TNFAIP3, IGFBP3, POU3F4, ELK3) that were up-regulated in the entire time course were identified. Five of them (ENG, POU3F4, TNFAIP3, GADD45A and ELK3) were also among the highly stimulated group.
Although we did not observe significant induction of IFN which is usually up-regulated in rickettsial infection, we did notice the induction at T8 (1.2919). There was no increase at T1 (1.0042) and T24 (0.8695). Unfortunately, we excluded the IFN data from T4 and T18 for analysis due to "bad spots". Therefore, the status of IFN in this study is not fully clear. We also saw increases of IFN receptor 2 at T1 (1.3512) and T4 (1.9655) in this study.
By using IPA, the interactive networks of genes were constructed. IPA identified statistically significant genes that participate in the multiple pathways with mutual interactions. Further functional analysis of these associated networks and pathways as well as dose response and protein level may provide additional insight into the macrophage defense response against R. prowazekii infection.
CONCLUSION
Our findings have uncovered the molecular features of host responses to R. prowazekii infection at genome-wide level. In addition, this study may pave the road for further studies of interaction between rickettsia and host.
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